Tin dioxide based sensors with different additives were constructed and tested in air environment containing carbon monoxide. Conductance oscillations were observed in samples containing palladium but not in those without. Oscillations occurred at temperatures ranging from 150C to 320C. Within this temperature region the range of CO concentrations at which oscillations appeared became higher as the test temperature increased. The lowest CO concentration at which oscillations were observed was 200 ppm and the highest 100 ppm.
INTRODUCTION
Small amounts of CO together with oxygen have been found to cause conductance oscillations in tin dioxide based semiconductor gas sensors1'2'3. These oscillations have been observed when sensors contain noble metal catalysts. The domain of appearance has been in the temperature range of 150C to 300C and in the CO concentration range of 500 to 8000 ppm.
It has also been noted that at any particular temperature the period and the amplitude of the oscillations depend on CO concentration. These observations have evoked the question as to whether this phenomenon could be put to use as the operation principle of a selective CO sensor. In this study the applicability and reproducibility of SnO.-based sensors is evaluated so as to establish the feasibility of using the oscillatory oxidation phenomenon as the basis of CO sensing. For this purpose sensors of different compositions were manufactured, some with addition of palladium and some without. The sensors were fabricated using thick film technology. The base material was SnO2 to which Pd was added as the catalyst.
Oscillation characteristics of these sensors were investigated. Comparisons were made between sensors with the same composition but sintered at different temperatures. The ranges of CO concentration in which oscillations occurred at different sensor operating temperatures were determined. Measurements were carried out in synthetic and ambient air environments so as to evaluate the importance of the environment on the oscillation response of the sensors to CO.
The oscillations observed can be attributed to the oscillatory catalytic oxidation of CO. This aspect is discussed in terms of CO oxidation on supported noble metal catalyst. Figure 1 , which also shows the cessation of oscillation when the CO concentration is increased. Figure 2 shows the current values obtained at 200C. The recordings were made at CO concentrations of 1500 and 2600 ppm. The oscillation frequency is lower for the sensor sintered at the lower temperature. The periods at 1500 ppm of CO were 25 s and 12 s, respectively, in sensors sintered at 600C and 850C. The corresponding amplitudes were 3.8 /A and 3/A or 37% and 60% of the maximum value of the oscillating current. The oscillation patterns were different ( Figure 2a ).
EXPERIMENTAL PROCEDURE
The oscillations ceased at a CO concentration of -2500,ppm for the sensor sintered at 600C. At higher concentrations this sensor showed a steady current reading which increased as the CO concentration increased. The period of the oscillations of the sensor sintered at 850C was 13 s at a CO concentration of 2600 ppm ( Figure 2b increasing. This can be seen in Figure 3 which shows the dependence of the oscillation amplitude and period on CO concentration for Samples 1 and 2.
Generally it was noticed that the frequency of the oscillation was higher at higher test temperature (Table III and IV) . Also the range of concentrations in which the oscillations appeared became higher with increasing test temperature as shown in Figure 4 . For the sensor sintered at 600C, for example, oscillations at the test temperatures of 300C and 320C occurred at the CO concentration of 10000 ppm or 1%, which was the highest concentration available with the experimental set-up. These oscillations were very quick, the shortest period being half a second. The waveforms of the oscillation varied from a gentle gradient as seen in curve 1 in Figure  2a to a steep cut-off and onset. Even if the period was long the start-up and decline of the impulse could happen very quickly as is apparent from Figure 1 . Between these two types a smooth oscillating waveform appeared, an example of which is shown in Figure 2b .
The oscillations recorded when compressed ambient air was the carrier gas had clearly higher frequencies than those with synthetic air as is apparent from Tables III and IV. The amplitudes of the oscillations remained essentially the same. The difference in frequency is believed to be caused by the influence of water vapour. The sensors without Pd addition showed a steady current reading the value of which in ambient air was about twice that in synthetic air.
The values of the test temperatures and the ranges of the concentration of CO in synthetic air in which oscillations appeared have been outlined in Figure 4 for two types of sensors with the same composition but different final sintering temperatures. It,can be concluded that the oscillations tend to occur at lower concentration ranges for the sensor sintered at 600C. At all temperatures and concentrations the oscillation period was longer for this sensor compared to that for the sensor sintered at 850C as can be seen from Tables III  and IV. It has also been observed that the maximum value of the CO oxidation rate is obtained at a higher CO concentration when the substrate temperature becomes higher5'6'7. A similar effect was found in this study-the CO concentration ranges in which the oscillations occurred were higher at higher temperatures as shown in Figure 4 .
In the oscillatory oxidation reaction of CO the adsorption and desorption steps can be critical. For example in the theory described above the dissociative adsorption of oxygen on noble metal catalyst is required to start the reaction. These adsorption and desorption steps can be influenced by other species adsorbed on the surface. In ambient air there is water vapour always present. The influence of water vapour can be the reason why the oscillations were quicker with CO in ambient air than with CO in synthetic iir. Water vapour is known to increase the rate of CO oxidation on a solid catalyst. Water vapour also greatly enhances the sensitivity of semiconductor gas sensors to CO8.
A typical feature of sensors manufactured in this study was the variation of the oscillatory response to CO in frequency and amplitude and in some cases also in CO concentration where the oscillations appeared between different batches. This could be attributed to different particle and surface structures of the Pd catalyst. The difference in the oscillation frequency, for instance, was very clear between sensors sintered at different peak temperatures which were 600C and 850C.
How the oscillatory oxidation of CO by hetereogeneous catalysis on sensor surface manifests itself as the oscillation of conductivity of the SnO2 base material has not yet been unambiguously explained. In the present study of current oscillations the sharp decline of the current pulse and the quick onset of the current increase appear to be salient features. They mean quick decrease and increase in sensor conductance.
It has been suggested that the conductance oscillations could be due to the variation of temperature caused by the catalytic reaction. In the context of the oscillatory catalytic oxidation reaction of CO the thermal nature of the conductance variation must be excluded because this oxidation reaction has been pointed out to be isothermal under relevant conditions 5,9.
The rapid changes observed in the conductance cannot be explained by any slow process like electron transfer between surface species at particle boundaries and the material. Such transfers can change the conductivity by changing the heights of the energy barriers caused by surface charges at boundary surfaces between particles. But these charge transfer processes are much too slow at the test temperatures used in this study. Due to the statistical nature of the oscillations the surface and particle structure of the catalytic additive is probably critical. This means strict control of processing conditions is essential. On the other hand it allows the control of the sensing properties like the concentration range and oscillation frequency.
CO sensors utilizing the conductance oscillation phenomenon might find use, for example, in threshold value indicators or alarm systems. Better understanding of the phenomenon and control of fabrication and operation conditions could lead to feasible use of this type of sensor for more exact measurements. The specificity of the phenomenon seems to indicate that it is possible to obtain good selectivity under appropriate conditions.
